Small subunit (16S) rRNA sequence comparisons have identified a unique lineage or domain of prokaryotic organisms called archaea, which are currently subdivided into the euryarchaea, crenarchaea, and korarchaeota (1, 33, 34) . Although prokaryotic in morphology, archaea employ eukaryotic mechanisms for many subcellular processes (32) , including replication (2), transcription (12, 14, 15) , and translation (5, 13) . Cultivated archaea are further divided into the prominent biotypes of methanogens, halophiles (haloarchaea), and hyperthermophiles. Haloarchaea are members of the euryarchaea and thrive under conditions of high salt, while hyperthermophiles can be found in both euryarchaeal and crenarchaeal branches of the archaeal domain. Sulfolobus solfataricus is a hyperthermophilic aerobic crenarchaeote that inhabits acidic terrestrial hot springs. It is capable of both lithoautotrophic growth through sulfur oxidation (27, 35) and heterotrophic growth using a variety of defined carbon and energy sources (6, 8, 9, 23) .
Antibiotics are broadly defined as natural, semisynthetic, and wholly synthetic substances that kill or inhibit the growth of microorganisms at low concentrations. One abundant class of bacterial antibiotics is the bacteriocins (3, 7, 11, 25) . These secreted proteinaceous compounds are produced by both gram-positive and gram-negative bacteria, range in size from 1 to 100 kDa, and are ribosomally synthesized. They can alter cell membrane integrity, can interfere with transcription, translation, or DNA replication, and frequently are produced during stationary phase. Some archaea do produce proteinaceous antibiotics. For example, Sulfolobus islandicus produces an insoluble cell-associated peptide, termed a sulfolobicin, which is specific only for closely related species (19) . Halophilic archaea secrete peptide antibiotics called halocins (or, if small, microhalocins) upon entry into stationary phase and in some cases after entry into stationary phase (20, 22, 26, 28, 29) .
Genetic manipulation of archaea continues to lag behind that of bacteria and eukarya. Some of this delay reflects the insensitivity of archaea to conventional antibiotics, limiting the development of selectable genetic markers. However, recent efforts have led to new approaches in this area for methanogens (30) and additional tools for halophiles (17, 18) . The frequent cohabitation of archaeal niches by bacteria that compete for the same resources (31) could have fostered the evolution of bacterium-produced antibiotics effective against archaea. One reason why such compounds have remained largely unidentified may be the evolutionary distance between archaea and bacteria whereby antibiotic targets, including components of the translational, transcriptional, and replication systems, evolved divergent structural features. Euryarchaeal halophiles and crenarchaeal hyperthermophiles share key aspects of many subcellular processes which might constitute conserved targets for antibiotic action. This study reports the finding that halocins produced by euryarchaea are effective against crenarchaea and thus act across the main subdivision of the archaeal domain. These compounds represent a new and general class of antiarchaeal toxins.
MATERIALS AND METHODS
Strains and cultivation. Sulfolobus acidocaldarius DG6, Sulfolobus shibatae B12, and S. solfataricus 98/2 were from laboratory collections and routinely distinguished by 16S rRNA analysis as described previously (24) . Saccharomyces cerevisiae, Escherichia coli K-12, Staphylococcus aureus, Bacillus megaterium, and all haloarchaea were also from laboratory collections. Haloarchaea included Halobacterium sp. strain GN101 (produces halocin R1 [26] ), strain S8a isolated from the Great Salt Lake, Utah (produces halocin S8 [20] ), strain TuA4 isolated from Tunisia (produces halocin A4 [21] ), and Halobacterium salinarum NRC817 (indicator strain for quantifying halocin activity [20] ). The haloarchaeal identity of strain S8 is based on its ability to grow optimally in a medium containing 4.0 M sodium chloride, a unique property of haloarchaea, and the fact that the S8a halocin gene, halS8, has a consensus haloarchaeal promoter and B recognition element sequence (20) . The phylogenic identity of strain TuA4 was determined in this study by using domain-specific PCR primers.
For the production of 16 liters of halocin-laden supernatants, haloarchaeal strains S8a, GN101, and TuA4 were grown aerobically at 41°C in eight 4-liter baffled flasks in a New Brunswick G25 incubator at 200 rpm. Culture media for strains S8a and NRC817 were as described elsewhere (20) . Culture media for strains TuA4 and GN101 contained 4 M NaCl, 120 mM MgSO 4 , and 1% (wt/vol) Oxoid peptone. Bacteria were cultivated at 37°C in tryptone soy broth to late exponential phase. Overlays were prepared using 0.8% (wt/vol) agar and tryptone soy broth plates solidified with 1.5% (wt/vol) agar. Saccharomyces cerevisiae was cultivated at 26°C in potatodextrose medium. Overlays were prepared as for bacteria, using potato-dextrose plates solidified with 1.5% agar.
S. solfataricus and S. shibatae were grown at 80°C and S. acidocaldarius was grown at 70°C, as described elsewhere (24) . All Sulfolobus species were grown at a pH of 3.0 in screw-cap flasks in a basal salts medium as described previously (10) . The basal salts medium was supplemented as indicated with glucose or tryptone to a final concentration of 0.2% (wt/vol) or with yeast extract, casein, and glucose, each to a final concentration of 0.1% (wt/vol). Sodium chloride, lithium chloride, and potassium chloride were added to concentrations of 20 or 200 mM as indicated. Growth was monitored spectrophotometrically at a wavelength of 540 nm. Solid medium was prepared as described elsewhere (10), using 0.6% (wt/vol) Gelrite (Kelco) and basal salts medium containing either 0.2% (wt/vol) tryptone, 0.2% (wt/vol) glucose, or 0.1% (wt/vol) glucose, 0.1% (wt/vol) Casamino Acids, and 0.1% (wt/vol) yeast extract (SR medium), at a pH of 3.0. Magnesium chloride was added at a final concentration of 8.0 mM to solidify the medium. Plates were 100 mm in diameter and contained 35 ml of solidified medium. Gelrite overlays were prepared with a Gelrite concentration of 0.6% (wt/vol) in the corresponding basal salts medium and approximately 10 9 midexponential-phase cells in a total volume of 3 ml. Processed supernatants were spotted in 10-l volumes on solidified overlays and allowed to dry prior to incubation. Plates were incubated in stacks inside plastic bags at 80°C in plastic containers with sufficient water to prevent desiccation. Growth was monitored daily, and extra water was drained from the plates. Colonies reached a diameter of 2 mm in approximately 6 days for SR medium and in approximately 10 days for minimal glucose medium; overlay lawns appeared in the same time frame.
PCR amplification of 16S rDNA. PCR was performed using 10 mM potassium chloride, 10 mM ammonium sulfate, 2 mM magnesium chloride, 20 mM Tris-Cl (pH 8.75), 0.1% Triton X-100, 100 M deoxynucleoside triphosphates, 100 pmol of primers, 2 ng of template DNA, and 2.5 U of recombinant Pfu polymerase (Stratagene). The archaeal primers consisted of Arch21F (5Ј-TTCCGGTTGAT CCC/TGCCGGA-3Ј) and Arch958R (5Ј-C/TCCGGCGTTGAC/ATCCAATT-3Ј); the bacterial primers were Eubact27F (5Ј-AGAGTTTGATCCTGGCTCA G-3Ј) and Eubact1492R (5Ј-GGTTACCTTGTTACGACTT-3Ј) (4) . PCR amplification of the 16S RNA gene from haloarchaeal strain TuA4 was evident only using archaeal domain-specific primers; no amplification product was observed using bacterial domain-specific primers. These results provide further presumptive information that this isolate was archaeal and not bacterial. E. coli K-12 genomic DNA was used as a positive control for the bacterial domainspecific primers, while S. solfataricus genomic DNA was used as a positive control for the archaeal domain-specific primers.
Preparation of processed haloarchaeal supernatants. Two procedures were used for the preparation of haloarchaeal culture supernatants containing halocin activity. In the first procedure (used in experiments shown in Fig. 1 and Table 1 and for sensitivity determinations using bacteria and eukarya), processed haloarchaeal culture supernatants were prepared by filtering 16 liters of culture through a 0.45-m-pore-size tangential-flow Pellicon (Millipore) filter to remove the cells. The resulting filtrate was then filtered through a 100-kDa NMWCO tangential-flow filter (Millipore) and then a 30-kDa NMWCO filter (Millipore). The 30-kDa retentate was then heated at 95°C for 2 h to denature contaminating protein, and the flocculant precipitate was removed by filtration using a 0.22-m-pore-size sterile filter. This material was concentrated further using tangential-flow spin filters (5-kDa NMWCO; Millipore) and desalted by recursive concentration and dilution with 10 mM Tris-HCl (pH 7.4).
A more purified supernatant preparation was used for experiments shown in Fig. 2 , Table 2, and Table 3 and in experiments involving the enzymatic treatment of haloarchaeal culture supernatants. The 30-kDa retentate was boiled for 2 h, the precipitate was removed by filtration, and the retentate was subjected to acetone precipitation by mixing the supernatant with an equal volume of acetone. The hypersaline layer containing halocin A4 activity was removed, and the remaining acetone was evaporated under a stream of nitrogen gas. This material was concentrated using 5-kDa NMWCO tangential-flow spin filters and subjected to gel filtration column chromatography (2.5-by 110-cm bed volume at 0.04 ml/min) using a P10M matrix (Bio-Rad) buffered with basal salts from the TuA4 growth medium lacking peptone and trace elements. Fractions (0.5 ml) containing activity were pooled and concentrated using 5-kDa NMWCO tangential-flow spin filters and desalted as above. Protein concentrations of these preparations were typically 10 mg/ml. Halocin activity was quantified by serial twofold dilutions to extinction using the sensitive strain H. salinarum NRC817 as described elsewhere (20) .
Efficiency of plating of S. solfataricus treated with strain TuA4 supernatant. S. solfataricus cells grown to mid-exponential phase in 0.2% (wt/vol) tryptone were exposed to dilutions of processed TuA4 supernatant prepared in 10 mM Tris-Cl (pH 7.4). Equal volumes of cell culture were mixed with supernatant dilutions. The mixtures were incubated at 80°C for 1 h, after which the cells were pelleted and resuspended in basal salts medium lacking a carbon source and plated on SR medium.
Enzymatic treatment of concentrated strain TuA4 supernatant. All mesophilic proteases were prepared at a concentration of 10 mg/ml in filter-sterilized stocks. Processed TuA4 supernatant was treated with pronase (Sigma), trypsin (Sigma), or proteinase K (Boehringer Mannheim) at a final concentration of 1.7 mg/ml overnight at 37°C and with thermophilic PreTaq (Life Technologies) at 240 U/ml for 1 h at 75°C. PreTaq was inactivated by the addition of EGTA to a final concentration of 10 mM followed by heating for 15 min at 90°C. Nucleases RNase A (Sigma) and DNase I (Boehringer Mannheim) were prepared at 20 mg/ml. Processed TuA4 supernatant was treated with nucleases at a final concentration of 3 mg/ml for 1 h at 37°C. Enzymatically treated processed TuA4 supernatants were spotted onto S. solfataricus overlays containing 200 mM potassium chloride and 0.2% (wt/vol) glucose as described above. These culture conditions provide the highest level of sensitivity for detecting inhibitory activity. These experiments were repeated three times, and the results varied by less than 10%.
Metabolic labeling. S. solfataricus cells were grown to mid-exponential phase ( 540 ϭ 0.3) in basal salts medium containing 0.2% (wt/vol) sucrose prior to labeling; 7-ml aliquots of cell culture were removed, and the cells were recovered by centrifugation. The cell pellet was resuspended in basal salts medium lacking a carbon source, and an equal volume of processed TuA4 supernatant was added. The cell supernatant mixture was incubated at 80°C for 1 h, after which the cells were repelleted and resuspended in basal salts with 0.2% (wt/vol) sucrose and 0.5 Ci of Tran 35 S-label (ICN) was added. The cells were incubated at 80°C for 15 min, after which proteins were precipitated by the addition of cold trichloroacetic acid. Precipitated proteins were recovered by centrifugation, and the amount of radioactivity in each sample was determined by scintillation counting.
Isolation of TuA4 supernatant-resistant mutants of S. solfataricus. S. solfataricus cells were grown to mid-exponential phase in 0.2% (wt/vol) tryptone medium. Cells were pelleted for 20 min at 5,000 ϫ g, and the supernatant was removed. The pellet was resuspended in 5 ml of basal salts medium lacking a carbon source and irradiated with 260-nm UV light at a distance of 30 cm for 10 min in the dark. The irradiated cells were then grown in 0.2% (wt/vol) tryptone medium in the dark to mid-exponential phase, and a culture sample was removed and mixed with an equal volume of processed TuA4 supernatant. The mixture was incubated at 80°C for 1 h in the dark. Cells were then pelleted and resuspended in basal salts medium lacking a carbon source. Cells were plated in the dark on SR medium and incubated until a colony diameter of approximately 2 mm was obtained. Resulting colonies were purified on SR medium and screened for resistance to desalted TuA4 supernatants. Selected isolates were evaluated further by plating efficiency following exposure to processed TuA4 supernatant to quantify the resistance phenotype.
RESULTS
Growth inhibition of Sulfolobus. The antimicrobial effect of peptide antibiotics produced by haloarchaea against related organisms has been well documented (29) . In an effort to determine whether these peptide antibiotics (halocins) inhibit the growth of distantly related archaea, concentrated processed haloarchaeal culture supernatants were examined for antimicrobial activity against crenarchaeal hyperthermophiles from the genus Sulfolobus. Desalted and size-fractionated culture supernatants from three different haloarchaea were prepared by tangential-flow ultrafiltration through membranes of sequentially smaller pore size. Halocin-laden supernatants were obtained from Halobacterium sp. strain GN101 (halocin R1 [26] ), strain S8a, an uncharacterized haloarchaeon from the Great Salt Lake (halocin S8 [20] ), and strain TuA4, a newly isolated haloarchaeon from Tunisia (halocin A4 [21] ). Two of these haloarchaea, Halobacterium sp. strain GN101 and strain S8a, have previously been shown to produce halocins that are effective in killing or inhibiting the growth of other haloarchaea (20, 26) .
An initial determination of growth inhibition was made by spotting processed supernatant on Gelrite overlays containing S. solfataricus cells. Zones of clearing were observed for each processed supernatant tested, but zones differed in size (Table  1 ) and persistence upon prolonged incubation. The largest zone was observed following treatment with the sample from strain TuA4. Samples from strains GN101 and S8a produced smaller zones of growth inhibition. No growth inhibition was apparent using processed, uninoculated haloarchaeal medium or desalted haloarchaeal cell lysates. These findings indicate that the observed toxicity of processed haloarchaeal culture supernatants against members of the genus Sulfolobus resulted from a secreted factor produced by haloarchaeal cells.
Similar patterns of growth inhibition were observed when the closely related S. shibatae strain B12 and the more distantly related S. acidocaldarius strain DG6 were treated with processed supernatants from the three haloarchaea. Samples from haloarchaeal strain TuA4 were consistently more growth inhibitory than those from strain S8a or GN101. These results indicate the toxicity of haloarchaeal culture supernatants was not limited to S. solfataricus but was genuswide. Other organisms, including the gram-negative bacterium E. coli K-12, the gram-positive bacteria Staphylococcus aureus and B. megaterium, and the eukaryote Saccharomyces cerevisiae, were insensitive to all of the processed haloarchaeal culture supernatants. Together with previous findings demonstrating toxicity against haloarchaea, the present results indicate that haloarchaeal culture supernatants are archaeon specific.
Mechanism of action. Upon prolonged incubation of S. solfataricus overlay plates treated with the processed supernatants of haloarchaeal strains S8a and GN101, zones of growth inhibition decreased in size and became more turbid by growth of cells within this region. This was not observed for zones of inhibition produced by processed supernatants from haloarchaeal strain TuA4. These results might be explained if processed supernatants of strains S8a and GN101 exerted a cytostatic effect, while that of strain TuA4 exerted a cytocidal effect. To test this possibility, the plating efficiency was determined for S. solfataricus following a 1-h exposure to each of the supernatant preparations (Table 1 ). Relative to an untreated control, cells exposed to samples from strains S8a and GN101 had plating efficiencies of 100 and 45%, respectively. Similar observations were made following treatment of the other Sulfolobus species. In contrast, samples exposed to processed supernatant of TuA4 resulted in a plating efficiency of only 1%. These results demonstrated that the toxicity of processed supernatants from strains S8a and GN101 required prolonged exposure and are therefore cytostatic in action, while strain TuA4 supernatant required only short-term exposure and is therefore cytocidal in action. Since preparations of haloarchaeal strain TuA4 supernatant acted in a cytocidal fashion, this material was chosen to establish a dose-response relationship for S. solfataricus. The efficiency of plating was determined for S. solfataricus following a 1-h exposure to various concentrations of processed strain TuA4 supernatant (Fig. 1) . The smallest amount of supernatant tested was a 1:10 dilution of the processed supernatant sample, which decreased viable counts 10-fold; undiluted supernatant decreased viable counts almost 100-fold.
Antimicrobial agents are known to have numerous targets, including membranes, proton transporters, and various components of translation (3, 7, 11, 25) . In an effort to identify the target of the lethal factor secreted by haloarchaeal strain TuA4, S. solfataricus cells were treated at 80°C and examined microscopically. Despite prolonged incubation of more than 6 h, no visible alteration in cell morphology or evidence of cell clumping was observed. Metabolic labeling was undertaken to determine if protein synthesis was altered in cells subjected to halocin exposure. Cells were treated for 1 h at 80°C with processed TuA4 supernatant prior to protein labeling. No net reduction in protein synthesis rates relative to an untreated control was observed.
Composition of TuA4 supernatant. Processed strain TuA4 supernatant was expected to consist of a range of substances derived primarily from the culture medium (including proteins and small molecules) with minor amounts of substances (e.g., nucleic acids) contributed by cells. Proteases were used to test the importance of proteins on the observed toxicity of the processed culture supernatant. Three mesophilic (ambient temperature) proteases (proteinase K, pronase, and trypsin) were used individually to digest processed supernatant prior to its application to S. solfataricus lawns. No significant variation in the resulting zone of clearing was apparent compared to undigested processed culture supernatant. A fourth protease, thermophilic PreTaq, was also used to treat processed supernatant. Digestion with this protease resulted in the abolition of zone formation on an S. solfataricus lawn, indicating that a protein in the supernatant was responsible for the cytocidal effect. Note that halocin A4 is heat stable: incubation at 75 or 90°C in the absence of PreTaq had no effect on halocin activity. Similar experiments involving treatment of the processed supernatant with DNase I and RNase A failed to diminish the toxicity of processed TuA4 culture supernatant, excluding a role for nucleic acids. Since the processing method eliminates molecules of less than about 5 kDa, small metabolites are also unlikely to be involved in processed TuA4 supernatant toxicity. Salt-mediated potentiation of killing. The processed supernatants examined in this study were all desalted prior to use in assays against S. solfataricus. Since some excreted proteins from halophiles are dependent on salt concentration for optimal activity and the cytocidal component of the processed strain TuA4 supernatant appears to be proteinaceous in nature, the consequences of salt addition in the form of monovalent cations was examined (Table 2 ). Independent addition of sodium chloride and lithium chloride to the medium was tested and found to be lethal to S. solfataricus even at the lowest concentration, precluding their further use. In contrast, potassium chloride addition had no effect on cell viability within the tested concentration range (20 to 200 mM). The basal salts medium for S. solfataricus contains 2 mM potassium; in the presence of this quantity of salt, processed TuA4 supernatant produced a 12-mm zone of clearing and a 1% plating efficiency (Table 1 and Fig. 1 ). Increasing the potassium concentration 10-and 100-fold increased the zone of clearing and decreased the plating efficiency ( Table 2 ), indicating that potassium chloride can potentiate the lethal effect of the protein present in processed strain TuA4 supernatant.
Isolation of resistant mutants. S. solfataricus mutants that were resistant to the lethal effect of processed TuA4 supernatant were isolated using UV light mutagenesis. Cells were irradiated with shortwave UV light under conditions that precluded photorepair and resulted in 0.1% survival. Individual isolates were rescreened to confirm the resistant phenotype using the overlay assay. Approximately 20% of the surviving colonies were found to be resistant. These appeared at a frequency of about 10 Ϫ7 per mutagenized cell. Two distinct classes of resistant mutants were identified, and representative isolates were characterized by the lawn overlay assay (Table 3) . Compared to wild type, class 1 mutants were fully resistant to treatment with TuA4 supernatant and produced no zone of clearing. Class 2 mutants exhibited a lower level of resistance and produced a reduced zone of clearing. To quantify the phenotypes of the mutant classes, plating efficiency was determined following a 1-h exposure of processed TuA4 supernatant for a representative of each mutant class (Table 3) . At reduced potassium levels (2 mM), the plating efficiency for the most resistant class (class 1) was 54% relative to an untreated control. Class 2 mutants showed a 2% plating efficiency, double that observed for the wild type. Levels of resistance at higher concentrations of potassium chloride could not be determined because the mutants failed to grow under these assay conditions.
DISCUSSION
Processed supernatants from haloarchaeal cultures inhibit the growth of members of the hyperthermophilic crenarchaeal genus Sulfolobus. The inhibition is either cytostatic or cytocidal in nature, depending on the haloarchaeal strain used as a source of the supernatant. Further examination of the cytocidal TuA4 supernatant revealed that the lethal component was a secreted protein, since haloarchaeal cell lysates were not toxic and the toxic activity could be abolished by thermophilic protease treatment. Peptide antibiotics have been identified as excreted products for numerous haloarchaea (29) and have been termed halocins (22) or microhalocins (20) . The mechanism of action and target are known only for halocin H6, a Na ϩ /H ϩ antiporter inhibitor (16) . Elucidation of mechanisms for other halocins, including A4, is ongoing.
The addition of salt in the form of potassium chloride was found to potentiate the toxicity of processed haloarchaeal strain TuA4 supernatant for Sulfolobus. Potassium (or sodium, which is not testable in this system) may have the ability to restore proper folding for the protein(s) present in the desalted processed strain TuA4 supernatant. A dependence on monovalent cations like potassium may have arisen as a result of the haloarchaeal use of this cation as a major internal osmoticum to balance elevated external levels of sodium. Alternatively, potassium may increase sensitivity of S. solfataricus to the strain TuA4 toxic factor. Since the natural environment for strain TuA4 approaches saturating sodium chloride concentrations, a requirement for salt stimulation is not unexpected. Whether halocins are salt dependent for action against haloarchaea cannot be determined since these organisms have an obligatory salt requirement.
To evaluate the possibility of using halocins for genetic manipulations, S. solfataricus mutants that were resistant to the toxic effect of processed TuA4 supernatant could be recovered. The infrequent occurrence of resistant mutants suggests that only a limited number of targets can be altered to create a resistant cell. The level of resistance of the mutants, measured as the efficiency of plating, could not be determined at elevated concentrations (200 mM) of potassium chloride due to an inability of the mutants to grow in liquid medium under these conditions. This observation reveals an additional mutant phenotype and may be related to the mechanism of resistance. These findings may lead to improved methods for the genetic manipulation of archaea in general and hyperthermophilic crenarchaea in particular.
Visual examination of S. solfataricus cell morphology following extended exposure to processed strain TuA4 supernatant revealed no cell lysis or other morphological effects. A similar lack of alteration has been observed following treatment of H. salinarum NRC817 (S. Kemper and R. Shand, unpublished data). Such results indicate that the archaeal membrane is not extensively compromised as a consequence of this treatment. Metabolic labeling of S. solfataricus demonstrated there was no alteration in radiolabeled amino acid incorporation following cell treatment, indicating that protein synthesis also is not an A4 target.
The data presented here suggest that there are biological targets for halocin action which are conserved between euryarchaeal halophiles and crenarchaeal hyperthermophiles. Interestingly, preliminary tests with concentrated culture supernatants containing halocins R1, S8, A4, and purified H4 and with the methanoarchaeon Methanosarcina thermophila show that halocin R1 is toxic whereas the other halocins are not (K. Sowers, personal communication). Thus, halocins exhibit broad toxicity toward the primary but distantly related archaeal biotypes. The apparent conservation of halocin toxicity across the archaeal domain suggests that their biological targets must have arisen early during archaeal evolution. The apparent lack of these targets in bacterial prokaryotes and a eukaryote qualifies halocins and their targets as unique components of the archaeal domain.
